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Abstract. We investigate the interannual and decadal vari-
ability of the North Atlantic atmospheric blocking frequency
and distribution in connection with long-term observational
and proxy records from southwestern Greenland. It is shown
that warm (cold) conditions in southwestern Greenland dur-
ing winter are related with high (low) blocking activity in
the Greenland-Scandinavian region. The pattern of winter
temperature-blocking variability is more complex than the
blocking pattern associated to the North Atlantic Oscillation
(NAO). We ﬁnd, furthermore, that a North Atlantic block-
ing index is signiﬁcantly correlated with seasonally resolved
stable isotope records from Greenland ice cores. Both sug-
gest a possible reconstruction of blocking variability in this
region. During summer, high (low) blocking activity in the
Euro-Atlantic region is associated with cold (warm) condi-
tions in southwestern Greenland. We conclude that historical
temperature records, as well as proxy data from Greenland,
can be used to obtain information related to interannual and
multidecadal variation of winter and summer blocking dur-
ing past periods.
1 Introduction
Atmospheric blocking is a large-scale mid-latitude atmo-
spheric phenomenon that induces signiﬁcant climate anoma-
lies over various regions of the North Atlantic realm. Sev-
eral studies (Shabbar et al., 2001; Luo and Wan, 2005;
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Barriopedro et al., 2006) detected pronounced decadal vari-
ability in atmospheric blocking frequency. Signiﬁcant down-
ward trends were identiﬁed in the number of blocked days in
the Atlantic and European sectors during the period 1955–
2002 (Barriopedro et al., 2006). Similar negative trends in
the number of blocking days for the same period were de-
tected for the northeast and northwest Atlantic sectors (Luo
and Wan, 2005). Over these decreasing trends, important
decadal variability in the frequency of Atlantic and Euro-
pean blocking were observed. Changes in both frequency
andlocationofblockingintheNorthAtlanticregionbetween
1960–1970 and 1980–1990 decades were detected (Shabbar
et al., 2001). Such decadal variations characterise the block-
ing variability during the last decades (Barriopedro et al.,
2006).
Decadal variations of blocking parameters were related
to various forcing factors. Luo and Wan (2005) at-
tributed decadal variability of blocking to decadal changes in
the basic-state baroclinicity associated with the large-scale
atmosphere-ocean interactions at mid-latitudes. Changes
in solar radiation were attributed to decadal variations in
frequency, intensity and location of atmospheric blocking
(Barriopedro et al., 2008). Anomaly patterns associated to
decadal variations of the Northern Hemisphere teleconnec-
tion patterns modulate frequency and position of blocking
at interannual and decadal time scales (Shabbar et al., 2001;
Barriopedro et al., 2006).
The blocking variability, as described in the above men-
tioned studies, is established using high-resolution observa-
tional data for the last decades. However, this period is too
short to give a clear picture of decadal and multidecadal vari-
ation in the blocking frequency in the North Atlantic region.
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The main goal of this study is to put the decadal to multi-
decadal variations of winter and summer blocking frequency
in the North Atlantic region into a long-term context by using
long-term observational and proxy data from Greenland.
Using data from the last decades, Trigo et al. (2004) found
that relatively high (low) blocking activity in the Atlantic-
European region was associated with signiﬁcant increase
(decrease)indailymaximumandminimumtemperatureover
Greenland. Enhanced blocking in this region was also re-
lated with positive anomalies of precipitable water, as well
as with enhanced meridional moisture transport (Trigo et al.,
2004). TheGreenlandblockingvariabilitywasrelatedtosea-
ice variability (Zhifang and Wallace, 1993). Low blocking
activity in Greenland is associated with high sea-ice concen-
tration in the Bafﬁn-Davis Strait and the Labrador Sea and
low sea-ice concentration in the Barents Sea. A Greenland
blocking index for the period 1955–2006 shows important
decadal variations (Zhifang and Wallace, 1993; their Fig. 5).
The decadal variability of atmospheric circulation, including
blocking circulation, in the North Atlantic region was also
investigated using long-term observational and proxy data
from Greenland (Cr¨ uger et al., 2004; Rimbu et al., 2007;
Rimbu and Lohmann, 2010).
Continuous long-term measurements of Greenland tem-
perature (Vinther et al., 2006), as well as high-resolution
temperature reconstructions from Greenland ice cores, are
available (Cr¨ uger et al., 2004). The variability of these
records is often related to the atmospheric teleconnection
patterns, in particular, with the North Atlantic Oscillation
(NAO) (Appenzeller et al., 1998; Hanna et al., 2006). Sig-
niﬁcant correlations between the NAO index and stable iso-
tope time series from southern, western, eastern and cen-
tral Greenland were detected (Vinther et al., 2003). Winter
stable isotope records from central Greenland ﬁrn cores for
the period 1959–1987 are strongly correlated with the NAO
(Rogers et al., 1998). The NAO signal was also detected
in stable isotope records from Greenland during the period
1778–1970 (Vinther et al., 2010). Based on the relationships
between atmospheric teleconnection patterns and different
proxy data from the Greenland ice cores during the obser-
vational period, valuable information related to the NAO and
its associated climate anomalies during the pre-instrumental
period has been obtained (e.g., Appenzeller et al., 1998).
Teleconnection patterns, in particular the NAO, are related to
the frequency, intensity and spatial distribution of synoptic
scale atmospheric phenomena, including atmospheric block-
ing (e.g., Shabbar et al., 2001). Therefore, decadal variations
of the atmospheric teleconnection pattern indices give infor-
mation about decadal variations in the properties of synoptic-
scale phenomena.
During winter, the NAO describes a large part of interan-
nual to decadal variability of blocking in the North Atlantic
region (Shabbar et al., 2001; Croci-Maspoli et al., 2007).
However, we will show that a signiﬁcant part of the block-
ing variability in the North Atlantic region is not directly
related to the NAO variability. Furthermore, during sum-
mer the relationship between blocking and the NAO is very
weak. The present study aims to investigate a direct re-
lation between long-term observational temperature records
from southwestern Greenland as well as proxy temperature
records from Greenland and atmospheric blocking circula-
tion. First, we investigate the signature of blocking on ob-
served and reconstructed temperature of this region during
the last hundred years, when reanalysis datasets are available
(Kalnay et al., 1996; Compo et al., 2006, 2011; Whitaker et
al., 2004). A detailed description of the relationship between
blocking and the North Atlantic Oscillation during winter is
presented. Based on the relationship between blocking and
temperature during the observational period, we discuss the
blocking patterns during the past periods as recorded by dif-
ferent ice cores from Greenland.
The paper is organized as follows: Data and methods are
described in Sect. 2. The relationship between winter tem-
perature variability in southwestern Greenland, atmospheric
blocking and the NAO is presented in Sect. 3. The relation-
ship between summer southwestern Greenland temperature
variability and blocking is presented in Sect. 4. A discussion
as well as the main conclusions follow in Sect. 5.
2 Data and methods
The main quantity used in our study is the published long-
term observational record of air temperature (T) from south-
western Greenland (Vinther et al., 2006). A merged south-
westernGreenlandtemperaturerecordwasconstructedbased
on early observations from three southwestern Greenland
stations: Ilulissat (69.23◦ N; 51.07◦ W), Nuuk (64.17◦ N;
51.75◦ W) and Qaqortoq (60.72◦ N; 46.05◦ W). This temper-
ature record covers the period 1784 to 2005 with monthly
resolution. There are several gaps in this record, espe-
cially during the summer months before 1840 (Vinther et
al., 2006). The winter and summer temperature time series
are derived by averaging the monthly temperature during De-
cember/January/February (DJF) and June/July/August (JJA),
respectively. Prior to the statistical analysis, these time se-
ries are normalised with the corresponding standard devia-
tion. This record is available online (http://www.icecores.dk;
Vinther et al., 2006).
Atmospheric blocking can be identiﬁed using a large
variety of objective and subjective procedures (e.g., Bar-
riopedro et al., 2006; Croci-Maspoli et al., 2007). Most
common blocking indicators are based on the calculation
of meridional 500mb geopotential height (Z500) gradients
(e.g., Tibaldi and Molteni, 1990) or on the detection of
Z500 anomaly maxima (Scherrer et al., 2006, and references
therein). Other blocking indices are based on changes in lat-
itude of the storm track or vertically averaged potential vor-
ticity (e.g., Scherrer et al., 2006). Because we are interested
in the long-term variability of blocking, we have chosen two
blocking indicators based on the daily Z500 ﬁeld (Tibaldi
and Molteni, 1990; Scherrer et al., 2006).
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The Z500 ﬁeld for the period 1908–1947 was extracted
from the database of the 20th century NCEP/NCAR reanal-
ysis project, version 1 (Compo et al., 2006, 2011), cover-
ing the period 1908–1958 with a 2◦ latitude×2◦ longitude
grid (available at http://www.esrl.noaa.gov/psd/data/gridded/
20thC-Rean.html). The analysis is performed with the en-
semble ﬁlter (Compo et al., 2006) applied on the short-term
ensemble forecast of the atmospheric component of NCEP’s
operational Climate Forecast Model (Saha et al., 2006). The
Z500 ﬁeld for the period 1948–2008 was extracted from
the NCEP/NCAR reanalysis project (Kalnay et al., 1996),
which covers the period 1948 to present on a global grid
of 2.5◦ latitude×2.5◦ longitude horizontal resolution (avail-
able at http://www.esrl.noaa.gov/psd/data/gridded/data.ncep.
reanalysis.html). These reanalysis datasets are derived from
a consistent assimilation and modelling procedure that in-
corporates most of the available weather and satellite in-
formation. Z500 from the 20th century reanalysis project
(Compo et al., 2011) was interpolated on a 2.5◦ ×2.5◦
grid and merged with the Z500 ﬁeld from the reanalysis
project (Kalnay et al., 1996) to form a Z500 daily dataset
with resolution 2.5◦ ×2.5◦ that covers the period 1908–2008
(101 years). This Z500 ﬁeld is used to calculate blocking in-
dicators to be related with southwestern Greenland tempera-
ture, NAO and Greenland ice cores.
The Northern Hemisphere blocking activity is described
using the Tibaldi-Molteni (TM) one-dimensional index
(Tibaldi and Molteni, 1990). For each daily Northern Hemi-
sphere Z500 map, we calculate the northern (GHGN) and the
southern (GHGS) gradients as follows:
GHGS = (Z500 (80) − Z500 (8s))/(80 − 8s)
GHGN = (Z500 (8n) − Z500 (80))/(8n − 80)
where 8n =80◦ N+1, 80 =60◦ N+1, 8s =40◦ N+1,
1=5◦, 0◦, 5◦ latitude. A given longitude is blocked if the
following conditions are satisﬁed for at least one value of 1:
GHGS > 0 and GHGN < −10 m/(degree latitude) (1)
We calculate the ratio of the blocked days at a certain
longitude and the number of season days for high and low
temperature years in southwestern Greenland. Since no
time-duration constraint was imposed, this ratio represents
the frequency of occurrence of blocking-like patterns rather
than actual synoptic blocking episodes (Tibaldi et al., 1997).
Based on the longitudinal distribution of blocking-like circu-
lation, we construct blocking indices for which both persis-
tence and spatial extension constraints are imposed.
An extension of this blocking index is suggested by Scher-
rer et al. (2006). The GHGN and GHGS gradients are eval-
uated in each grid point using a latitudinal interval of 15◦
instead of 20◦ like in the case of the one-dimensional TM in-
dex described above. Following Scherrer et al. (2006) a cer-
tain grid point is considered to be blocked if the conditions
(1) are satisﬁed for at least ﬁve consecutive days (5-day per-
sistence criterion). There are no exceptions allowed to this
rule in contrast to some previous studies (e.g., D’Andrea et
al., 1998). As a consequence, blocking frequencies are lower
since only blockings that are stationary in space and uninter-
rupted in time are captured. These characteristics typically
correspond to a mature blocking state which corresponds to
persistent quasi-stationary high-pressure systems (Scherrer
et al., 2006). The frequency of blocked grid points is cal-
culated as the ratio between the number of days in a season
when a certain grid point was blocked to the total number
of season days. Using Z500 data north of 20◦ N, the fre-
quency of blocked grid points from 35◦ to 75◦ N can be cal-
culated. We compare the frequency of blocking, i.e., blocked
grid points, for high and low temperature years in southwest-
ern Greenland.
Furthermore, we use long-term reconstructions of south-
western Greenland temperatures to extend the information
beyond the instrumental period. To get relevant informa-
tion of blocking activity in the Atlantic region during past
periods, we analyse the relationship between 14 seasonally
resolved stable isotope records from Greenland ice cores
(Vinther et al., 2010) and blocking variability. Therefore,
long-term reconstructions of southwestern Greenland tem-
perature can give relevant information related to the blocking
activity in the Atlantic region during past periods. However,
the relationship between atmospheric circulation and proxy
data, in particular with stable isotope variability, is rather
complex (e.g., Sodemann et al., 2008). Here we investigate
the statistical relationships between 14 seasonally resolved
stable isotope records from recently published Greenland ice
cores (Vinther et al., 2010) and blocking variability. These
are DYE3-71/79 (65.18◦ N; 45.83◦ W), DYE3-4B (65.17◦ N;
43.93◦ W), DYE3-18C (65.03◦ N; 44.39◦ W), DYE3-20D
(65.00◦ N; 44.45◦ W), Milcent (70.30◦ N; 44.50◦ W), Crete
(71.72◦ N; 37.72◦ W), Site A (70.63◦ N; 35.82◦ W), Site B
(70.65◦ N; 37.48◦ W), Site D (70.64◦ N; 39.62◦ W), Site E
(71.76◦ N; 35.85◦ W), Site G (71.15◦ N; 35.84◦ W), Renland
(71.27◦ N; 26.73◦ W), GISP2 (72.60◦ N; 38.50◦ W), GRIP
(72.58◦ N; 37.64◦ W) as well as the ﬁrst three principal
components, PC1, PC2 and PC3 of these records cover-
ing the period 1778–1970 with seasonal resolution. These
records (Vinther et al., 2010) are available online (http://
www.iceandclimate.nbi.ku.dk/data/).
Furthermore, we used the ﬁrst principal component of
7δ18O records from Greenland ice cores (Vinther et al.,
2003) as a proxy for winter Greenland temperature. The ice
cores PC1, referred to further as temperature reconstruction
(T-REC), covers the period 1245 to 1970 with annual reso-
lution. It was shown that the correlation between this tem-
perature reconstruction and southern Greenland temperature
during the cold season over the period 1895–1966 is 0.75
(Vinther et al., 2003; their Table 3).
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Fig. 1. Frequency composites of blocked days for warm (red) and
cold(blue)wintersinsouthwesternGreenland. Unitsarepercentage
of blocked days to total number of days per winter (90 days).
3 Blocking variability and its relationship with
southwestern Greenland temperature and NAO
during winter
3.1 Signature of blocking in southwestern Greenland
temperature
Figure 1 shows the averaged frequency of blocking-like cir-
culation over warm (cold) southwestern Greenland winters
as a function of the longitude. A winter is classiﬁed as warm
(cold) if the southwestern Greenland temperature index was
higher (lower) than the mean plus (minus) one standard de-
viation. As noted extensively in the literature (e.g., Diao et
al., 2006), the highest frequency of blocking is recorded in
the northeastern Atlantic and the northeastern Paciﬁc sectors.
Both during warm and cold winters, blocking frequency is
at maximum in these regions. However, the blocking fre-
quency is higher during warm rather than during cold south-
western Greenland winters in the Atlantic sector (80◦ W–
10◦ W). Outside this region, there are no signiﬁcant (95%
level) differences between blocking activity during cold and
warm winters in southwestern Greenland (Fig. 1).
To better assess the relationship between blocking and
southwestern Greenland temperature, we deﬁne a blocking
index by imposing both persistence and spatial extension
constraints to blocking-like circulation regimes. The block-
ing index is deﬁned as the number of days in a winter when
the sector (80◦ W–10◦ W) was blocked, i.e., the conditions
(1) are satisﬁed for at least ﬁve consecutive longitudes (lon-
gitude interval is 2.5◦) within this sector (spatial criteria)
for at least ﬁve consecutive days (persistence criteria). Five
days is the persistence threshold largely used in the litera-
ture above for which a blocking-like circulation is consid-
ered to be a blocking event (Treidl et al., 1981; Tibaldi and
Molteni, 1990; D’Andrea et al., 1998). The temperature in-
dex (Fig. 2a) shows decadal variations similar to those in
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Fig. 2. (a) Southwestern Greenland winter temperature index
(Vinther et al., 2006) (bar) and its decadal variation (7-year run-
ning mean) (red) for the period 1908 to 2005. (b) Blocking index
(bar) and its decadal variations (7-year running mean) (red) for the
same period.
the blocking index (Fig. 2b). High frequency of blocking is
recorded during the decades 1910–1920, 1930–1940, 1955–
1970, 1975–1985 and after 1995. Spectral analysis reveals
a strong peak at about 20-years (not shown), a periodicity
that is found in various Greenland ice cores (e.g., Hibler
and Johnsen, 1979). The two time series are signiﬁcantly
(95%) positively correlated both at interannual (r =+0.42)
anddecadal(r =+0.60)timescales. Across-correlationanal-
ysis reveals that the correlation of these two indices is maxi-
mal at lag zero, both at interannual and decadal time scales.
The two-dimensional climatological winter blocking fre-
quencies are displayed in Fig. 3. It indicates that the oc-
currence of blocking in the North Atlantic-European region
depends both on latitude and longitude. Enhanced blocking
variabilityisrecordedfromaregionthatstretchesfromDavis
Strait/Labrador Sea to Scandinavia as well as another region
that extends from the Azores to southern Scandinavia. Local
maxima are found over southeastern Greenland and over the
North Sea as well as in the Ural mountain region (Fig. 3).
Similar results were obtained by Scherrer et al. (2006) (their
Fig. 2).
To identify the modiﬁcations both in frequency and po-
sition of blocking, we stratiﬁed the blocking maps accord-
ing to the temperature anomalies as reﬂected by the tem-
perature index from southwestern Greenland. The resulting
temperature-blocking composite frequencies (Fig. 4) show a
clear distinction between warm and cold winters in south-
westernGreenland. WarmconditionsinsouthwesternGreen-
land are associated with increased blocking frequency over
a broad region that extends from Greenland to southwest-
ern Scandinavia with frequencies of 6% to 9% (Fig. 4a).
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Fig. 3. Euro-Atlantic winter blocking frequency climatology of 5-
day persistent blocking using the Scherrer et al. (2006) blocking
indicator. Units are percentage of blocked days to total number of
days per winter. Period is 1908–2005.
Compared to the blocking pattern associated to the negative
phase of the NAO (Scherrer et al., 2006, their Fig. 5b) the
temperature related blocking pattern shows a distinct cen-
tre of high blocking frequency north of Scotland (Fig. 4a).
Cold conditions in southwestern Greenland, on the other
hand, areassociatedwithenhancedblockingfrequencyalong
the Atlantic-European coast extending eastward over Europe
(Fig. 4b) as well as with a signiﬁcant decrease in the block-
ing frequency over the Greenland region. The same spatial
structure of blocking characterises the positive phase of the
NAO (Scherrer et al., 2006, their Fig. 5a). The map of dif-
ference of blocking frequency during high and low south-
western Greenland temperatures (not shown) shows a dipole
structure with out-of-phase variations of blocking frequency
anomalies from the Greenland-Scandinavian region and the
Atlantic-European region. This blocking pattern is similar to
that associated to the North Atlantic Oscillation (Scherrer et
al., 2006). The blocking maps associated to SW Greenland
temperature extremes (Fig. 4) suggest a relationship between
NAO, blocking and temperature variability.
3.2 The relationship with the NAO
The normalized indices with their standard deviation of
southwestern Greenland temperature, blocking and NAO for
the period 1908–2008 are represented in Fig. 5. A sim-
ple visual inspection of this ﬁgure reveals that in most of
the years southwestern Greenland temperature and blocking
indices (hereafter T and B indices) are in anti-phase with
the NAO index. This relationship was identiﬁed in many
studies (e.g., Trigo et al., 2004). However, there are years
when this relationship is not seen (Fig. 5). For example dur-
ing1982–1983winter, lowsouthwesternGreenlandtempera-
tures comes together with high blocking activity and positive
NAO. Also, there are winters like 2001–2002 when temper-
ature, blocking and NAO indices vary in phase.
To have a qualitative image of the possible relationships
between T, B and NAO indices we show in Fig. 6a the
(a)
(b)
Fig. 4. (a) Blocking frequency composite for (a) high and (b) low
southwestern Greenland temperatures during winter. Units are per-
centage of blocked days to total number of days per winter. Period
is 1908–2005.
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Fig. 5. Normalized winter time series of southwestern Greenland
temperature (red), blocking (black) and NAO (blue) indices for the
period 1908–2005.
500mb circulation from 30 January 1963 when a strong
blocking event occurred in the North Atlantic region. The
winter of 1962–1963 is characterised by a positive temper-
ature index, positive blocking index and negative NAO in-
dex. During this particular day, the blocking high, located
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south of Iceland, favours strong advection of warm air to-
ward SW Greenland. The pressure near Iceland is higher
than near the Azores. As pressure generally is lower in Ice-
land than at the Azores, it is possible to have a negative NAO
index for this particular day. Pressure from southwestern Ice-
land (Rekyawik) and the Azores (Ponta Delgada) have been
used to calculate the NAO index used in this study (Jones
et al., 1997). If such events persist over long periods or if
there are several such events in a certain winter, then the sea-
sonal temperature and blocking indices will be positive and
the seasonal NAO index will be negative.
During the 2001–2002 winter all three indices, i.e. T, B
and NAO, are positive. The blocking event from 12 Decem-
ber 2001 (Fig. 6b) is helpful in understanding this relation-
ship. The blocking high is centred over Scotland. The pres-
sure in the Iceland region is lower than in the Azores and,
therefore, for this particular day, it is possible to have a posi-
tive NAO index. At the same time, the warm air is advected
from the southeast toward Greenland (Fig. 6b). If this type
of circulation persists or occurs frequently in a winter, then
seasonal values of T, B and NAO indices will be positive.
To better assess the relationship between temperature,
blocking and the NAO, we performed an EOF analysis of
the normalized time series of T, B and NAO indices for the
period 1908/1909–2004/2005 (97 winters). No ﬁlter was ap-
plied to the time series prior to the EOF analysis.
The ﬁrst EOF (loadings for T, B and NAO are 0.55, 0.54
and −0.62) describes 73% of the variance. This relation-
ship reﬂects the results of previous studies (e.g., Shabbar et
al., 2001; Barriopedro et al., 2006) which show that there is
an out-of-phase relationship between the NAO and the fre-
quency of the North Atlantic blocking. Negative(positive)
NAO is associated with warm (cold) conditions in southwest-
ern Greenland (Trigo et al., 2004). The PC1 of this pattern
(Fig. 7d) shows interannual and decadal variations similar to
those of the NAO index. The blocking pattern associated to
this EOF (Fig. 7a) shows a dipolar structure with high block-
ing frequency in the Greenland-Scandinavian region and low
blocking frequency over the western Atlantic and Europe.
This pattern is similar to the blocking anomaly pattern asso-
ciated to the NAO (Scherrer et al., 2006). The corresponding
Z500 anomaly pattern shows a NAO-like structure (Fig. 7g).
The second EOF (19% variance) captures the out-of-
phase relationship between T and B and almost neutral
(slightly different from zero) NAO indices (loadings T, B
and NAO are −0.68, 0.72 and 0.063). The blocking com-
posite map associated to this mode shows positive blocking
anomalies in the Iceland region, northeastern North America
and north of the Caspian Sea, as well as a negative blocking
frequency anomaly in the Scandinavian region (Fig. 7b). The
associated Z500 anomaly pattern (Fig. 7h) shows a regional
pattern with a prominent centre of positive anomaly south
of Greenland. This pattern favours advection of cold air
from northwest toward southwestern Greenland. The Z500
anomalies near Iceland and the Azores, locations used for
(a)
(b)
Fig. 6. Upper atmospheric circulation (500mb) for the blocking
events that occurred on (a) 30 January 1963 and (b) 12 Decem-
ber 2001. Colour (Z500), vector (wind). Units m and ms−1.
the deﬁnition of the NAO index, are relatively small which
explains the close to zero values of the NAO index.
The third EOF (8% variance) captures in-phase variability
of T, B and NAO (loadings are 0.47, 0.41, and 0.77). The
associate time coefﬁcients (PC3) are represented in Fig. 7f.
The associated blocking pattern (Fig. 7c) shows enhanced
blockingactivityalongtheeasterncoastoftheNorthAtlantic
and low blocking activity over southwestern Greenland and
southeast of Scandinavia (Fig. 7c). The corresponding cir-
culation pattern is represented in Fig. 7i. A low pressure
centre located southeast of Greenland together with the high
pressure system over northern Greenland favours warm air
advection from the southeast toward south and southwest-
ern Greenland. Therefore, for such patterns, temperature in
southwestern Greenland is relatively high.
3.3 Winter blocking in proxy data
The analysis of observational data, as presented in the previ-
ous sections, reveals that blocking activity during the obser-
vational period displays strong decadal variations. We show
that southwestern Greenland temperature can be used as a
proxy for North Atlantic blocking activity. But a Greenland
temperature signal is detected in many records from Green-
land ice cores (e.g., Vinther et al., 2010). However, proxy
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(a) (b)
(c) (d)
(e) (f)
(g) (h)
(i)
Fig. 7. Difference between (a) blocking frequency and (g) Z500 corresponding to high and low values of PC1 of T, blocking and NAO
indices represented in (d). (b), (e) and (h) as in (a), (d) and (g) but for PC2. (c), (f) and (i) as in (a), (d) and g) but for PC3.
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data variability from Greenland ice cores, in particular sta-
ble isotope records, is related with atmospheric circulation in
a very complex way (Cr¨ uger et al., 2004; Sodemann et al.,
2008; Rimbu and Lohmann, 2010). Therefore, we investi-
gate if a statistical relation between blocking frequency and
stable isotope records from Greenland exists.
The correlation coefﬁcients of our winter blocking index
and the 14 recently published stable isotope records from
Greenland, as well as the ﬁrst three principal components
(PCs) of these records (Vinther et al., 2010), are represented
in Fig. 8a. These records cover the period from 1778 to 1970
with seasonal resolution. The correlation coefﬁcients are
positive for all records except SITE E, PC2 and PC3 when
they have negative values. The highest correlations are ob-
tained for DYE3-20D (r =+0.64), SITE A (r =+0.67) and
PC1 (r =+0.57). Such a relationship was expected because
of the high correlation between these records and southwest-
ern Greenland temperature (Vinther et al., 2010) which is
signiﬁcantly related with our blocking index. The ﬁltered (7-
year running mean) time series of PC1 and the blocking in-
dex (Fig. 8b), which is similar to the observed decadal varia-
tion of SW Greenland temperature index (not shown), shows
similar decadal variations over the common period 1908–
1970. Relatively high blocking activity during 1915s, 1940s
and 1960s are associated with relatively high values of the
PC1 (Fig. 8b) as well as with positive anomalies at almost all
stable isotope records from Greenland ice cores.
The decadal component (7-year running mean) of the
southern Greenland temperature reconstruction (T-REC)
(Vinther el al., 2003) is displayed in Fig. 9b. The block-
ing patterns associated to high T-REC values for the period
1908–1970 (Fig. 9a) and low T-REC values for the same
period (Fig. 9c) are similar to those associated to the NAO
(Scherrer et al., 2006) but not identical. High values T-REC
indicates high blocking frequency in the Scandinavian and
eastern Greenland regions (between 3 and 9%). The block-
ing frequency map associated with low values of T-REC
(Fig. 9c) shows three distinct centres of high blocking, one
in eastern Greenland (4–5%), one over Scandinavia (6–8%)
and the other in the Ural Mountain region (6–7%). Note
the displacement of the blocking centre from Scandinavia to-
wardtheEuropeancontinentandtheincreaseinblockingfre-
quency in the Ural Mountain region during cold conditions
(Fig. 9c) relative to warm conditions (Fig. 9a) in southwest-
ern Greenland.
4 Blocking variability and its relationship with
southwesternGreenlandtemperatureduringsummer
Blocking circulations occur also during the summer season
(e.g., Diao et al., 2006). Here we investigate how summer
blocking and temperature anomalies in southwestern Green-
land are related in order to put the decadal variations of North
Atlantic blocking into a long-term context.
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Fig. 8. (a) Correlations between winter blocking index (see text for
deﬁnition) and 14 stable isotope records from Greenland as well as
their PC1, PC2 and PC3 (Vinther et al., 2010) for the period 1908–
1970. (b) Filtered (7-year running mean) PC1 of stable isotopes
(black) and blocking index (red).
During summer the Atlantic and Paciﬁc regions present a
reduced blocking activity while Europe and western Asia re-
gions show increases in blocking frequency (Barriopedro et
al., 2006). This is shown in Fig. 10. However, the longitu-
dinal distribution of blocking-like circulations during sum-
mer still indicates a relatively high (low) frequency of block-
ing in the Atlantic-European sector (20◦ W–30◦ E), during
cold (warm) summer conditions in southwestern Greenland
(Fig. 10).
Based on the distribution represented in Fig. 10, we con-
struct a blocking index as follows. The sector (20◦ W–30◦ E)
is considered to be blocked if at least ﬁve consecutive longi-
tudes (longitude interval is 2.5◦) are blocked for at least ﬁve
consecutive days. The blocking index is deﬁned as the num-
berofdaysinasummerwhenthissectorwasblockedaccord-
ing to the above criteria. We are again interested in the tem-
perature and blocking relationship. The temperature index
(Fig. 11a) and the blocking index (Fig. 11b) are signiﬁcantly
negatively correlated at interannual time scale. The correla-
tion is maximum (r =−0.40) when the time delay between
the two indices is zero. At decadal time scales, the in-phase
correlation (lag=0) is −0.50 and increases to −0.62 when
blocking leads the temperature with 3–5 years. High block-
ing activity during 1930–1940, 1950–1960 and 1970–1980 is
accompanied by relatively low temperatures in southwestern
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Fig. 9. Composite map of winter blocking corresponding to (a) high
and (c) low values of Greenland temperature reconstruction based
on stable isotopes records from Greenland ice-cores (Vinther et al.,
2003) represented in (b).
Greenland (Fig. 11). Also in this case, blocking variability
is linearly related with a part of SW Greenland temperature
variability. Other processes should be considered to explain
the entire interannual and decadal SW Greenland tempera-
ture variability.
To have an intuitive idea on how summer blocking and
Greenland temperature anomalies are related, we show
(Fig. 12) the 500mb circulation pattern from 26 June 1972
when a strong blocking event occurred in the Scandinavian
region. The 1972 summer was one of the coldest in the anal-
ysed period (Fig. 11a). For this particular day, the blocking
pattern from Scandinavia is accompanied westward by a low
pressure system that favours advection of cold air from the
north toward southern Greenland and, therefore, low temper-
atures in the region (Fig. 12). If such a type of circulation
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Fig. 10. Frequency composites of blocked days for warm (red) and
cold (blue) summers in southwestern Greenland.
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Fig.11. (a)SouthwesternGreenlandtemperatureindexduringsum-
mer (Vinther et al., 2006) (bar) and its decadal variation (7-year run-
ning mean) (red) for the period 1908 to 2005. (b) Blocking index
(bar) and its decadal variations (7-year running mean) (red) for the
same period.
persists over many days, which is usually the case, or occurs
frequently within a certain summer, Greenland will experi-
ence low mean summer temperature. Therefore, high (low)
blocking activity in the Scandinavian region will be associ-
ated with cold (warm) conditions in Greenland.
Following the same methodology as in the case of the
winter months, we calculate the frequency of blocking in
each grid point, using the algorithm described by Scherrer
et al. (2006). High frequency of blocking is recorded over
eastern Greenland as well as over a large area in the Scan-
dinavian region (Fig. 13). When the data are stratiﬁed for
warm and cold summers, important changes in the block-
ing distribution appear (Fig. 14). During warm summers,
the frequency of blocking is relatively high in the eastern
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Fig. 12. Upper atmospheric circulation (500mb) for the blocking
event from 26 June 1972. Colour (Z500), vector (wind). Units are
m and ms−1.
Fig. 13. Euro-Atlantic summer blocking frequency climatology of
5-day persistent blocking using the Scherrer et al. (2006) blocking
indicator. Units are percentage of blocked days to total number of
days per summer. Period is 1908–2005.
Greenland region (6–7%) and in the Scandinavian region
(Fig. 14a). Cold summers (Fig. 14c) are characterised by
enhanced blocking frequency over the Scandinavian region
(8% of days are blocked). The SW Greenland time series
(Fig. 14b) shows strong decadal variations. The very low
temperatures from 1820s suggest enhanced blocking over the
Scandinavian region during this period as shown in Fig. 14c.
The summer blocking index (Fig. 11b), which was deﬁned
based on SW Greenland temperature, is relatively low cor-
related with most of the summer stable isotope records from
Greenland ice cores (Vinther et al., 2010). Only the correla-
tion coefﬁcient between summer blocking index and GISP2
record is above 95% signiﬁcance level (not shown). This is
due to the fact that the correlation between southern Green-
land temperature and stable isotope records from Greenland
during summer is relatively small (Vinther et al., 2010).
However, the summer blocking circulation could inﬂuence
the variability of stable isotope records from Greenland ice
cores through many other processes. The PC1 of the sum-
mer stable isotope time series from Greenland (Vinther et al.,
2010) shows important decadal variations during the period
1786–1970 (Fig. 15b). High values of PC1 are associated
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Fig. 14. (a) Blocking frequency composite for (a) high and (c) low
southwestern Greenland temperatures during summer. (b) Filtered
(7-year running mean) summer temperature time series for 1784–
2005 period.
with high frequency of blocking over northeastern Europe
(Fig. 15a) while low values of PC1 with high blocking fre-
quency over Scandinavia (Fig. 15c). The low values of PC1
around 1830 and 1860 (Fig. 15b) suggest high blocking fre-
quency over Scandinavia which is consistent with low tem-
peratures in SW Greenland (Fig. 14b) and the associated
blocking pattern (Fig. 14c). Similar analyses could be per-
formed for each individual summer stable isotope record or
PC2 and PC3 from the Vinther el al. (2010) dataset.
5 Discussion and conclusions
The relationship between temperature variability in south-
western Greenland and atmospheric blocking variability has
been investigated in this paper. We have shown that for win-
ter season high (low) temperature in southwestern Greenland
is related with positive (negative) blocking frequency anoma-
lies in the Atlantic sector, (80◦ W–10◦ W). A North Atlantic
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Fig. 15. (a) Blocking frequency composite for (a) high PC1 and
(c) low PC1 of summer Greenland stable isotope records (Vinther
et al., 2010). (b) Filtered (7-year running mean) PC1 of summer
Greenland stable isotope time series for 1778–1970 period.
blocking index, which is signiﬁcantly positively correlated
with SW Greenland temperature index, shows pronounced
decadal variations during the 1908–2005 period. This in-
dex shows low blocking activity from 1908 to 1935 with a
small period of relatively high blocking frequency around
1916 (Fig. 2b). Previous studies (Parker et al., 1994; Hur-
rell et al., 2003) described 1901–1930 as a period of in-
creased westerly winds and cyclonicity over the mid-latitude
North Atlantic. Strong zonal circulation during 1920–1930
was identiﬁed by Makrogiannis et al. (1982). The 1920s
was a period of increased cyclone activity in the North At-
lantic with the exception of some increase in blocking activ-
ity around 1920 (Slonosky et al., 2000). The low blocking
activity is consistent with predominantly positive values of
the NAO index during this period (Rogers, 1984). The block-
ing decadal variability after 1948 as obtained here (Fig. 2b)
is similar with the blocking variability as presented in pre-
vious studies (e.g., Barriopedro et al., 2006). However, here
we present quantitative measures of both blocking frequency
and blocking spatial distributions also in the early part of the
20th century. The relatively high overlap of periods of high
(low) blocking activity in the North Atlantic and high (low)
temperature anomalies in SW Greenland (Fig. 2) suggests
to use SW Greenland temperature anomalies as a proxy for
North Atlantic blocking variability. Using long-term obser-
vational temperature records from this region (Vinther et al.,
2006), we obtained information related to blocking variabil-
ity in the Atlantic sector back to 1784.
The blocking activity during the last two hundred years
wasdiscussedbasedonthePC1ofseveralstableisotopetime
series from shallow Greenland ice cores which follow simi-
lardecadalvariations(r =0.83)withobservedSWGreenland
temperature (Vinther et al., 2010). The variable position of
moisture sources during different phases of the NAO gives
a stronger NAO signal in Greenland ice cores (Sodemann et
al., 2008) than the variability of SST associated with the two
NAO phases. As the NAO is related to blocking (e.g., Shab-
bar et al., 2001) this mechanism could explain the relation-
ship of blocking and stable isotope variability as established
in our study. The stable isotope variability from Greenland is
related also to the variability of the frequency of several daily
atmospheric circulation patterns which control the fractiona-
tion processes during the way of the associated air masses to-
ward Greenland (Rimbu and Lohmann, 2010). However, the
relationship between stable isotope variability from Green-
land and blocking is rather complex. It is beyond the goal of
our study to investigate the physical process that explain sta-
tistical relationships between blocking variability and stable
isotope variability from Greenland.
Given the relationship between SW Greenland tempera-
ture and blocking established for the instrumental period,
temperature reconstructions from Greenland ice cores are
useful to put the blocking variability during the last two hun-
dred years into a longer-term perspective. Both the PC1
of 14 stable isotope records from Greenland (Fig. 8b) and
the southern Greenland temperature reconstruction (Fig. 9b)
show a pronounced spectral peak at bidecadal time scale (not
shown). Such a peak was detected in various ice core records
from Greenland (e.g., Hibler and Johnsen, 1979). Based on
the results presented in this study, we suggest that both inten-
sity and position of the main blocking centres in the Atlantic-
European region follow also bidecadal variations.
The southern Greenland temperature reconstruction
(Fig. 9b) shows extremely cold temperatures around 1700
which is indicative of high blocking over Europe and in the
Ural mountains region (Fig. 9c). During the period 1675–
1715, referred to as the Late Mounder Minimum (LMM),
solar radiation was extremely low and Europe experienced
persistent, extremely cold winters (Luterbacher et al., 2001).
Strong phases of increased ice from 1655 to 1710 were de-
tected (Koslowski and Glaser, 1999) which is indicative of
high blocking activity. The synoptical comparisons with cur-
rent conditions have shown that LMM winters were char-
acterised by signiﬁcant high pressure over northern Europe
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accompanied by below normal pressure over the Mediter-
ranean (Luterbacher et al., 2001; Xoplaki et al., 2001). Such
a pattern matches the Atlantic-European blocking (Trigo et
al., 2004). Pronounced blocking activity from 1670 to 1700
was identiﬁed from climate regime analysis of reconstructed
and modelled data (Casty et al., 2005). In a recent study,
Barriopedro et al. (2008) argued that solar activity plays an
essential role in modulating the blocking parameters with the
strongest signal in the Atlantic sector. High solar activity is
connected with extensive blocking locations, less persistent
blocks and a more zonally extended blocking pattern.
We have shown that blocking frequency in the Atlantic-
European (30◦ W–30◦ E) sector is enhanced during cold con-
ditions in southwestern Greenland during summer. Because
persistent blocks occur during low temperatures in south-
western Greenland, we speculate that the extreme phenom-
ena which accompany such blocks (Trigo et al., 2004) were
more frequent during these periods. Long-term observational
data from SW Greenland (Vinther et al., 2006) shows very
low summer temperatures around 1830 (Fig. 14b) suggest-
ing high blocking activity over Scandinavia during this pe-
riod. Enhanced blocking activity over Scandinavia during
this period is suggested also by low values of PC1 of sum-
mer stable isotope records from Greenland (Fig. 15). During
summer stable isotope variability is controlled not only via
temperature, but also via fractionation processes associated
toatmosphericcirculationandrelatedprecipitationprocesses
(Rimbu and Lohmann, 2010). Proxy data of summer tem-
perature from southwestern Greenland can be used to put the
summer blocking variability from this sector into a long-term
context.
The combination of high-resolution (daily) atmospheric
circulation datasets and long-term seasonally resolved cli-
mate variables allows to obtain relevant information about
blocking activity during past periods. The reconstruction of
synoptic scale activity from long-term observed and proxy
data as presented in this study can provide a better interpre-
tation of the connection between proxy data and atmospheric
circulation variability than the traditional atmospheric tele-
connection approach, especially for extreme phenomena.
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